ABSTRACT A conditional lethal, temperature-sensitive mutant of vaccinia, defective in assembly of the virus envelope and maturation, was characterized and shown to mimic exactly the aberrations produced by rifampicin. Analyses of the infection at restrictive and permissive temperatures were conducted with electron microscopy, isotopic pulse-chase experiments in which polypeptides were separated by polyacrylamide slab gels, and assays of core enzymatic activities. The data collected by several approaches reveal that assembly and maturation of vaccinia involves a tightly coupled sequence of interrelated events including the assembly of the envelope, post-translational cleavage of several virion polypeptides, and induction of the core enzymes. During formation of the poxviruses, their envelope is assembled de novo within virus factories. This structure, which surrounds the immature spherical particles and contains virus-specified proteins and selected host lipids (1-4), is never connected with any preexisting cell membrane. Only after the envelope is completed does the virus interior differentiate into a core and lateral bodies (5). Elucidation of events in poxvirus biogenesis has in part been based on the use of metabolic inhibitors, such as rifampicin which blocks particle assembly and only permits the formation of aberrant virus membranes (6, 7). However, the mechanism of rifampicin action in this system is not well understood. A chance selection of a conditional lethal mutant (ts1085) of vaccinia, manifesting the phenotypic defects in envelope and virus formation that are indistinguishable from those produced by rifampicin, provided us with an opportunity to reexamine the involvement of the unique virus envelope in vaccinia assembly and maturation. KCI, and ruptured in a Dounce homogenizer. After removal of nuclei by centrifuging the homogenate for 3 min at 800 X g, the supernatant fraction was centrifuged for 20 min at 10,000 X g and the resulting pellet was resuspended in 0.5 ml of 0.01 M Tris-HCl pH 7.3. Aliquots (0.1 ml) of the cytoplasmic pellet and supernatant material containing 50-100 jig of protein were assayed for enzymatic activity. The previous assay for nucleotide phosphohydrolase (11, 12) was modified (13) by the addition of 20 ,ug of single-stranded calf thymus DNA (Worthington). The DNA-dependent RNA polymerase activity was measured according to Kates and McAuslan (14) and the vaccinia endonuclease, as described by Pogo and Dales (11 (Fig. 1 A and B) . Accumulation of large DNA paracrystals implied that normal packaging of the genomes within nucleoids of immature particles (5) had been interrupted. The same envelope defect as that observed with rifampicin (7), in which there was no association of the external spicule layer with sheets of "unit" membrane, was clearly evident at 400 and probably explains the infrequency of the spherical envelopes enclosing immature particles. This and other defects could be reversed by transferring the cultures from 40°to 330. In cells sampled several hours after this temperature shift, the envelopes appeared to have develope4 normally and the frequency of DNA paracrystals was much lower than in comparable cells from cultures maintained throughout at 40° (Fig. 1C) , indicating that a ts1085 defect in packaging of the DNA could also be reversed. These changes were accompanied by increases in the amount of in-
MATERIALS AND METHODS
Cell Cultures and Viruses. Standard procedures in this laboratory were used for growing HeLa or L2 strain cells and for propagating the IHD-W strain of vaccinia (3, 5) .
Vaccinia Mutants. Isolation of conditional lethal virus mutants was patterned after Sambrook et al. (8) . Twice-cloned virus grown at approximately 400 was exposed to a concentration of N,N'-dimethylnitrosoguanidine sufficient to decrease the titer by [3] [4] logio units. After removal of this compound by dialysis, the virus was passaged and the pool lysate obtained was used to infect 100-mm L2 cell monolayers with 40-50 plaqueforming units per plate. Individual plaques developing under agar at 330 for [5] [6] [7] days were isolated and tested by replica plating at 40°and 330 (8) . Isolates that failed to induce cytopathic effects at 400 were collected from the corresponding culture incubated at 330, grown into stocks, and titrated. Only those mutants that showed a disparity in titer >2 logjo units between 400 and 330 were examined by electron microscopy (for the presence of morphogenetic lesions) and biochemically or by autoradiography (for presence or absence of cytoplasmic t To whom reprint requests should be addressed. 2162 DNA synthesis) (9, 10) . A detailed account describing the isolation and characterization procedures will be published.
Biochemical Procedures. Cells and virus were labeled with
[a5S]methionine or [14C]leucine and analyzed by means of polyacrylamide gel electrophoresis as previously described (4) .
After infection of HeLa cells (4) , the induced enzymatic activities were measured in cytoplasmic fractions. Cells harvested by scraping were centrifuged, resuspended in 1 ml of 0.01 M Tris-HCl, pH 7.8, containing 1 mM MgCl2 and 10 mM KCI, and ruptured in a Dounce homogenizer. After removal of nuclei by centrifuging the homogenate for 3 min at 800 X g, the supernatant fraction was centrifuged for 20 min at 10,000 X g and the resulting pellet was resuspended in 0.5 ml of 0.01 M Tris-HCl pH 7.3. Aliquots (0.1 ml) of the cytoplasmic pellet and supernatant material containing 50-100 jig of protein were assayed for enzymatic activity. The previous assay for nucleotide phosphohydrolase (11, 12) was modified (13) by the addition of 20 ,ug of single-stranded calf thymus DNA (Worthington). The DNA-dependent RNA polymerase activity was measured according to Kates and McAuslan (14) and the vaccinia endonuclease, as described by Pogo and Dales (11) Fig. 1 A and B) . Accumulation of large DNA paracrystals implied that normal packaging of the genomes within nucleoids of immature particles (5) had been interrupted. The same envelope defect as that observed with rifampicin (7), in which there was no association of the external spicule layer with sheets of "unit" membrane, was clearly evident at 400 and probably explains the infrequency of the spherical envelopes enclosing immature particles. This and other defects could be reversed by transferring the cultures from 40°to 330. In cells sampled several hours after this temperature shift, the envelopes appeared to have develope4 normally and the frequency of DNA paracrystals was much lower than in comparable cells from cultures maintained throughout at 40° (Fig. 1C ), indicating that a ts1085 defect in packaging of the DNA could also be reversed. These changes were accompanied by increases in the amount of in- (Table  2) .
Virus-Specified Polypeptides. To elucidate the molecular basis of the defects associated with ts1085 mutant, experiments were designed to ascertain whether synthesis of specific proteins was involved. HeLa cell cultures were infected at 330 or 40°a nd pulse-labeled for 60 min with [a5S]methionine at various times during virus replication. All cultures were harvested 24 hr after infection, and cytoplasmic extracts were prepared for gel analysis. According to the nomenclature adopted previously (4), the individual polypeptides mentioned below will be identified by their molecular weight. Thus, a polypeptide of molecular weight 60,000 is designated as p60. During the course of the infection, the overall patterns of polypeptide bands induced by the wild-type virus at either 330 or 400 were essentially alike and similar to the pattern obtained with the ts1085 mutant infection at 330 (Fig. 2 ). However, with ts1085 there were specific differences in the banding, indicated by arrows in Fig. 2 . At 330, only small quantities of p18.3 and p25 accumulated. The cytoplasmic extracts prepared from cells kept at 400 contained little p18, p18.5, p24, or p62 and decreased amounts of p60. These five polypeptides correspond in molecular weights to internal virus structural proteins formed by processing from higher-molecular-weight precursors (4, 6 creased concentration of these polypeptides was also noted when cells were pulse-labeled at 330 and chased at 400. To determine whether ongoing protein synthesis was required for the formation of the above five polypeptides, streptovitacin A was added when the temperature was shifted from 400 to 33°. The data from such an experiment (not presented) indicated that, when ts1085 mutant infected cells were labeled at 400 and chased at 330 in the presence of the drug, formation of p18, p18.5, p24, p60, and p62 was suppressed. HeLa cells infected as described in Table 1 were cultured for 14 hr at 400, shifted to 330 for an additional 3 hr, and sampled for electron microscopy. Where appropriate, streptovitacin A, 10 ,g/ml, was added to suppress protein synthesis (7) . The numbers were obtained by examining 100 thinly sectioned cell profiles per sample. * Illustrated in Fig. 1 A and B. t Illustrated in Fig. 1C .
infected cells were labeled at 330 and then chased at 330 in the presence of the inhibitor (Fig. 4) (3) . The material in the final fractions, isolated by means of potassium tartrate gradients, was prepared for analysis by gel electrophoresis. When the label introduced at 330 was chased at the restrictive temperature, the "virus" fraction contained greater amounts of p65 and p94, shown to be precursors of p60 and p62 (4) , than did the corresponding "virus" fractions derived from cells maintained at 330 during the chase (Fig. 5) . In this case, after the temperature shift up, some processing to p60 and p62 was also evident. Pellets prepared from "virus" fractions that were examined by electron microscopy contained predominantly structures resembling the aberrant and normal forms of immature vaccinia illustrated in Fig. 1 (7, 11) . To ascertain whether the expression of these functions was likewise suppressed when ts1085 mutant was grown at 400, the three enzymes were assayed in the soluble and large-granule fractions obtained from cytoplasmic extracts. The data on the largegranule fraction (presented in Fig. 6 ) and the soluble fraction (not presented) revealed that in both fractions the activity of the three enzymes was induced at 330 but not at 400. When cells were first kept at 400 and then shifted to the permissive with ts1085 vaccinia, labeled, and prepared for slab gel analysis as described in Fig. 2 . The 60-min pulse was administered with [35S]methionine, 10 ACi/ml, commencing 8 hr after inoculation, and the chase period was approximately 240 min. To block protein synthesis, streptovitacin A, 10 ,g/ml, was added in some instances (indicated as STR above the channel) by methods described previously (7) . Arrows indicate polypeptide bands that became prominent during the chase. Vertical scale is molecular weight X10-4. temperature, induction of activity did occur. However, if protein synthesis was inhibited during the temperature shift, enzyme induction was abolished. It is known from our previous studies that streptovitacin A by itself does not prevent utilization of previously synthesized polypeptide pools for the assembly and maturation of infectious vaccinia particles (1). It is therefore unlikely that the current findings with ts1085 mutant described in Fig. 6 might have resulted from the absence of nascent enzyme molecules.
Evidence from electron microscopy complementary to the gel analyses of ts1085 mutant development showed that a downward temperature shift coupled with a blockage of protein synthesis did not prevent the normal resumption of envelope and immature virus assembly of the type shown in Fig. 1C ( Table 2 ), indicating that reversibility of the membrane defect was not contingent upon additional protein synthesis. By contrast, conversion of ts1085 mutant developmental forms to mature virions was profoundly affected (Table 2 ).
DISCUSSION
The current investigation using a conditional lethal mutant of vaccinia reveals remarkable parallels between the reversible effects on development produced by a restrictive temperature on ts1085 mutant and by rifampicin on wild-type virus (6, 7) . These findings focus attention on the role of the envelope and post-translational cleavage in vaccinia morphogenesis. With respect to defective assembly of virions and their envelopes and accumulation of large DNA paracrystals, the phenotypic expression of ts1085 mutant mimics exactly the effects produced by rifampicin (7) . The similarity becomes even more striking when suppression of polypeptide processing, induction of core enzymes, requirement for the formation of mature virions of ongoing protein synthesis during reversal of the restrictive conditions, and nonrequirement for such synthesis for assembly of immature virus possessing envelopes of normal appearance (6, 7) are considered. It is most unlikely that the lesion(s) in a randomly selected conditional lethal mutant, such as ts1085 mutant, and those caused by rifampicin affect the expression of the same genetic functions. Perhaps the perturbation of any one of a series of critical events can result in identical morphological aberrations of the kind described here. Data from this and previous studies using inhibitors to (15) .
By following the development of ts1085 mutant under restrictive and permissive temperatures it becomes apparent that induction of core enzymes, processing of several polypeptides, and virus maturation are temporally coordinated and somehow interconnected events. Therefore, in the absence of processing, the differentiation of vaccinia into an internal core and lateral bodies fails to occur.
The presence inside immature particles of one enzymatic activity, nucleotide phosphohydrolase, demonstrable cytochemically in particles before appearance of the core (12) , shows that induction of at least this enzyme is not contingent upon internal differentiation. Because the polypeptides shown by previous studies to be the products of both early and late functions (4, (16) (17) (18) (19) are produced in abundance at the restrictive temperature during ts1085 mutant infection, absence of an induced RNA polymerase from both the factory and soluble cytoplasmic fractions appears to be anomalous.
Certain polypeptides used for the virion are processed during assembly. The protease that is active in cleaving them when permissive conditions prevail might be a function induced by the virus or could be a cellular enzyme activated during infection. Abundance of the higher-molecular-weight precursor polypeptides in formative particles isolated after ts1085 mutant infection, when pulse-labeling at 330 was followed by a chase interval at 400, suggests that proteolysis might occur within or in the vicinity of immature particles. Similar speculations based on the effects of rifampicin on cleavage and incorporation into vaccinia of polypeptide 4a, equivalent to p62 of our nomenclature, have been published (6) .
